The bright star 55 Cancri is known to host five planets, including a transiting super-Earth. The study presented here yields directly determined values for 55 Cnc's stellar astrophysical parameters based on improved interferometry: R = 0.943 ± 0.010R ⊙ , T EFF = 5196 ± 24 K. We use isochrone fitting to determine 55 Cnc's age to be 10.2 ± 2.5 Gyr, implying a stellar mass of 0.905 ± 0.015M ⊙ . Our analysis of the location and extent of the system's habitable zone (0.67-1.32 AU) shows that planet f, with period ∼ 260 days and M sin i = 0.155M Jupiter , spends the majority of the duration of its elliptical orbit in the circumstellar habitable zone. Though planet f is too massive to harbor liquid water on any planetary surface, we elaborate on the potential of alternative low-mass objects in planet f's vicinity: a large moon, and a low-mass planet on a dynamically stable orbit within the habitable zone. Finally, our direct value for 55 Cancri's stellar radius allows for a model-independent calculation of the physical diameter of the transiting super-Earth 55 Cnc e (∼ 2.05 ± 0.15R ⊕ ), which, depending on the planetary mass assumed, implies a bulk density of 0.76 ρ ⊕ or 1.07 ρ ⊕ .
1. INTRODUCTION 55 Cancri (= HD 75732 = ρ Cancri; 55 Cnc hereafter) is a late G / early K dwarf / subgiant (Gray et al. 2003 ) currently known to host five extrasolar planets with periods between around 0.7 days and 14 years and minimum masses between 0.026 and 3.84 M Jupiter (Dawson & Fabrycky 2010) . These planets were all discovered via the radial velocity method and successively announced in Butler et al. (1997) , Marcy et al. (2002) , McArthur et al. (2004) , and Fischer et al. (2008) .
Astrophysical insights on two of the currently known planets in the 55 Cnc system are direct consequences of the determination of the stellar radius and surface tem-perature:
• Elimination of period aliasing and the consequently updated orbital scenario presented in Dawson & Fabrycky (2010) motivated the recent, successful photometric transit detections of the super-Earth 55 Cnc e with a period of 0.7 days by Winn et al. (2011) using M OST and, independently, Demory et al. (2011) using Warm Spitzer. The calculation of planetary radii based on transit photometry relies, of course, on a measured or assumed stellar radius.
• Based on the equations relating stellar luminosity to the location and extent of a stellar system's habitable zone (HZ) (Jones & Sleep 2010) , planet 55 Cnc f falls within 55 Cnc's traditional circumstellar HZ.
Apart from values derived from stellar modeling (Fischer et al. 2008) , there are two direct (interferometric) stellar diameter determinations of 55 Cnc: R = 1.15 ± 0.035R ⊙ in Baines et al. (2008) and R = 1.1 ± 0.096R ⊙ in van Belle & von Braun (2009) . Note, however, that van Belle & von Braun (2009) report, in their §5.1 and §5.4.1, the fact that R ∼ 1.1R ⊙ makes 55 Cnc a statistical outlier in their fitted T EFF = f ((V − K) 0 ) relation (see their §5.1). In order not to be an outlier, 55 Cnc's angular diameter would have to be 0.7 milliarcseconds (mas), corresponding to 0.94R ⊙ .
In this paper, we present new, high-precision interferometric observations of 55 Cnc with the aim of providing a timely, directly determined value of the stellar diameter, which, when combined with the flux decrement measured during planetary transit, yields a direct value for the exoplanetary diameter. Furthermore, the combination of angular stellar diameter and bolometric stellar flux provides directly determined stellar surface temperature. The resultant stellar luminosity determines the location and extent of the circumstellar HZ, and we can ascertain which, if any, of the planets orbiting 55 Cnc spend any, all, or part of their orbits inside the HZ.
We describe our observations in §2. The determination of stellar astrophysical parameters is shown in §3. We discuss 55 Cnc's circumstellar HZ and the locations of the orbiting planets with respect to it in §4. Section 5 contains the calculation of the radius of the transiting super-Earth 55 Cnc e, and we conclude in §6.
2. INTERFEROMETRIC OBSERVATIONS Our observational strategy is described in detail in von Braun et al. (2011a) . We briefly repeat the general approach here.
55 Cnc was observed on the nights of 11 and 12 May, 2011, using the Georgia State University Center for High Angular Resolution Astronomy (CHARA) Array (ten Brummelaar et al. 2005) , a long baseline interferometer located at Mount Wilson Observatory in Southern California. We used the CHARA Classic beam combiner with CHARA's longest baseline, S1E1 (∼ 330 m) to collect the observations in H-band (λ central = 1.67 µm).
The interferometric observations included the common technique of taking bracketed sequences of the object with calibrator stars, designed to characterize and subsequently eliminate the temporally variable effects of the atmosphere and telescope/instrument upon our calculation of interferometric visibilities 12 . During the observing period, we alternated between two point-source like calibrators, both of which lie within 5 degrees on the sky from the target, to minimize the systematic effects. These calibrator stars were: HD 74811 (G2 IV; θ EST = 0.407 ± 0.015 mas) and HD 75332 (F8 V; θ EST = 0.401 ± 0.014 mas). θ EST corresponds the estimated angular diameter of the calibrator stars based on spectral energy distribution fitting.
The uniform disk and limb-darkened angular diameters θ UD and θ LD 13 , respectively, are found by fitting our calibrated visibility measurements to the respective functions for each relation (Hanbury Brown et al. 1974) . Limb darkening coefficients were taken from Claret (2000) . The data and fit for θ LD are shown in the left panel of Fig. 1. 3. FUNDAMENTAL ASTROPHYSICAL PARAMETERS OF THE STAR 55 CANCRI In this Section, we discuss 55 Cnc's stellar astrophysical properties. The results are summarized in Table 1. 12 Visibility is the normalized amplitude of the correlation of the light from two telescopes. It is a unitless number ranging from 0 to 1, where 0 implies no correlation, and 1 implies perfect correlation. An unresolved source would have perfect correlation of 1.0 independent of the distance between the telescopes (baseline). A resolved object will show a decrease in visibility with increasing baseline length. The shape of the visibility versus baseline is a function of the topology of the observed object (the Fourier Transform of the object's shape). For a uniform disk this function is a Bessel function, and for this paper, we use a simple model of a limb darkened variation of a uniform disk.
13 The limb-darkening corrected θ LD corresponds to the angular diameter of the Rosseland, or mean, radiating surface of the star.
Stellar Diameter
We examined the following two sets of literature interferometric data in order to decide whether to include them into our analysis: CHARA data presented in Baines et al. (2008) , and data published in van Belle & von Braun (2009) Figure 1 , we show our data and corresponding fit for θ LD . The right panel of Figure 1 contains all three datasets along with the fit based on our new data. The superiority of our new CHARA data due to the longer baselines is readily apparent. We therefore chose to assign zero weight to the two literature datasets in our analysis, particularly due to the fact that fits inclusive of all data weighted equally do not influence the fit and corresponding results.
Our interferometric measurements ( Figure 1 ) yield a limb-darkening corrected angular diameter θ LD = 0.711 ± 0.004 mas. Combined with 55 Cnc's trigonometric parallax value from van Leeuwen (2007), we calculate its linear radius to be R = 0.943 ± 0.010R ⊙ (Table 1) .
Our result of θ LD ≃ 0.7 mas is consistent with the PTI-derived value (∼ 1.1 mas) published in van Belle & von Braun (2009) 
Stellar Effective Temperature
Following the procedure outlined in §3.1 of van Belle et al. (2007) , we produce a fit of the stellar spectral energy distribution (SED) based on the spectral templates of Pickles (1998) to literature photometry published in Niconov et al. (1957) ; Argue (1963); Marlborough (1964) ; Argue (1966) ; Cowley et al. (1967); Rufener (1976) ; Persson et al. (1977) ; Eggen (1978) ; Olsen (1983); Mermilliod (1986) ; Arribas & Martinez Roger (1989) ; Gonzalez & Piche (1992) ; Olsen (1993) ; Hauck & Mermilliod (1998) ; Cutri et al. (2003) ; Kazlauskas et al. (2005) ; see also the catalog of Gezari et al. (1999) . Typical uncertainties per datum for these photometry data are in the range of 5-8%.
We obtain fits with reduced χ 2 ∼ 3 when using K0 IV and G8 IV spectral templates. The creation of a G9 IV template by linearly interpolating the specific flux values of the K0 IV and G8 IV spectral templates for each value of λ, however, improves the quality of this fit to a reduced χ 2 = 0.72. Interstellar extinction is a free parameter in the fitting process and produces a value of A V = 0.000 ± 0.014 mag, consistent with expectations for this nearby star. The value for the distance to 55 Cnc is adopted from van Leeuwen (2007) . The SED fit for 55 Cnc, along with its residuals, is shown in Fig. 2 . The principal result from the SED fit is the value of 55 Cnc's stellar bolometric flux of F BOL = (1.227 ± 0.0177) × 10 −7 erg cm −2 s −1 , and consequently, its luminosity of L = 0.582 ± 0.014L ⊙ . Using the rewritten version of the Stefan-Boltzmann Law
where F BOL is in units of 10 −8 erg cm −2 s −1 and θ LD is in units of mas, we calculate 55 Cnc's effective temperature to be T EFF = 5196 ± 24 K. (Valenti & Fischer 2005; Fischer et al. 2008 ) to estimate its mass and age. As illustrated in Figure 3 , interpolating between isochrones and mass tracks yields a best-fit age of 55 Cnc of 10.2 ± 2.5 Gyr and stellar mass of 0.905 ± 0.015M ⊙ . Note that the above uncertainties are based on only the 1-σ measurement errors in our calculations of L (∼ 2.4%) and T EFF (∼ 0.5%), shown as error bars in Figure 3 , and do not take into account systematic offsets due to, e.g., metallicity.
Our values for 55 Cnc's stellar mass and age are consistent with their respective counterparts obtained via spectroscopic analysis combined with photometric bolometric corrections (Valenti & Fischer 2005) , as well as with age estimates using the Ca II chromospheric activity indicators and gyrochronology relations (Wright et al. 2004; Mamajek & Hillenbrand 2008) . In addition, they are within the error bars of the equivalent values derived in Fischer et al. (2008) and the ones used in Winn et al. (2011) and Demory et al. (2011) . Finally, the stellar surface gravity is computed from our radius measurement and mass estimate, plus associated uncertainties, to be log g = 4.45 ± 0.01.
A summary of all directly determined and calculated stellar astrophysical parameters in this Section is reported in Table 1. 4. 55 CANCRI'S HABITABLE ZONE In this Section, we calculate the location and extent of the HZ in the 55 Cnc system, and we examine which of the orbiting planets spend all or part of their respective orbits in the HZ. We further comment on the potential existence of habitable objects around 55 Cnc.
A circumstellar traditional HZ is defined as the range of distances from a star at which a planet with a moderately dense atmosphere could harbor liquid water on its surface. More details about the definition of habitable zones, typically used for Earth-like planets with clearly defined surfaces, can be found in Kasting et al. (1993) and Underwood et al. (2003) . Our calculations of the inner and outer boundaries of 55 Cnc's HZ are based on our directly determined host star properties ( §3). Similar to von Braun et al. (2011a) for GJ 581, we use the equations in Underwood et al. (2003) and Jones & Sleep (2010) to relate inner and outer edges of the HZ to the luminosity and effective temperature of the host star 55 Cnc. We find an inner and outer HZ boundary of 0.67 AU and 1.32 AU, respectively. The HZ is shown as the gray-shaded region in Figure 4 , which illustrates the architecture of the 55 Cnc system at different spatial scales.
We calculate equilibrium temperatures T eq for the five known 55 Cnc planets using the equation
where S is the stellar energy flux received by the planet, A is the Bond albedo, and σ is the Stefan-Boltzmann constant (Selsis et al. 2007 ). The energy redistribution factor f indicates the atmospheric efficiency of redistributing the radiation received from the parent star across the planetary surface by means of circulation, winds, jet streams, etc. f is set to 2 for a hot dayside (no heat redistribution between day and night side) and to 4 for even heat distribution 15 . Table 2 shows the calculated equilibrium temperatures for the planets in the 55 Cnc system assuming different values of Bond albedos, inluding the value for Earth (A = 0.29). Note that the temperature given for the f = 2 scenario is the planet dayside temperature. All of 55 Cnc's known planets, except planet f, are either located well inside or beyond the system's HZ (see Figure 4) . Figure 4 shows that planet 55 Cnc f (M sin i = 0.155M Jupiter = 49.3M ⊕ ; table 10 in Dawson & Fabrycky 2010 ) is on an elliptical orbit (e ≃ 0.3) during which it spends about 74% of its orbital period of approximately 260 days inside the HZ. Thus, T eq is a function of time (or phase angle). The time-averaged distance between planet f and 55 Cnc is 0.82 AU. For the f = 2 scenario (no heat redistribution between day and night sides) and A = 0.29, planet f's time-averaged dayside temperature is 294 K, and varies between 263 K (apastron) and 359 K (periastron) during its elliptical orbit. Assuming an even heat redistribution (f = 4) and A = 0.29, however, we calculate planet f's time-averaged surface temperature T f =4 eq = 247 K, with a variation of 221 K at apastron to 302 K at periastron. Planet f's long-period, elliptical orbit makes any kind of tidal synchronization unlikely. Further taking into account its mass, typical of gas giant planets, f = 4 appears to be a much more likely scenario than f = 2 or similar. Note, that even though planet f's time-averaged T f =4 eq is below the freezing point of water, heating due to greenhouse gases could moderate temperatures in its atmosphere to above the freezing point of water (e.g., Selsis et al. 2007; Wordsworth et al. 2010) .
We point out that eccentricity estimates for planet f range from values between 0.13 and 0.3 in Dawson & Fabrycky (2010) for the correct 0.74-day period of planet e with 1-σ error bars of ∼0.05. Clearly, the differences between the temperatures at apastron and periastron calculated above decrease if e f is smaller than our value of 0.3. In addition, the orbit-averaged flux S (Equation 2) increases with the planetary eccentricity e as 1 − e 2 −1/2 . Thus, the equilibrium temperature of planet f increases for larger e f , but this is at most a 10% effect for e f < 0.4. Finally, irrespective of the instantaneous value of e f , all the planets in the 55 Cnc system undergo long-term secular oscillations in eccentricity such that their effective temperatures may change in time.
We further note that the planet 55 Cnc f is likely too massive to harbor liquid water on any planetary surface (Selsis et al. 2007) . In terms of an actual habitable object in the 55 Cnc system, there are thus two potential candidates: a massive moon in orbit around planet f or an additional low-mass planet in or near the HZ.
Could 55 Cnc f host a potentially habitable moon? One formation model suggests that the mass of a giant planet satellite should generally be about 10 −4 times the planet mass (Canup & Ward 2006) . For 55 Cnc f the expected satellite mass is therefore ∼ 5 × 10 −3 M ⊕ , which is comparable to the mass of Jupiter's moon Europa but probably too low to retain a thick atmosphere for long time scales at HZ temperatures . Of course, there exist alternate origin scenarios that could produce more massive giant planet moons (e.g., Agnor & Hamilton 2006) with correspondingly higher probability of atmospheric retention. In addition, values of e f < 0.3 would slightly decrease the equilibrium temperature of any hypothetical moon around planet f, and consequently increase its potential of retaining an atmosphere.
Any potential, dynamically stable existence of an additional low-mass planet in the outer part of 55 Cnc's HZ depends in large part on the eccentricity of planet f, since its gravitational reach will cover a larger fraction of the HZ for higher values of e f . Using the simple scaling arguments of Jones et al. (2005) , which are based on the analytical two-planet Hill stability limit (Marchal & Bozis 1982; Gladman 1993) , the semimajor axis of the orbit closest to planet f that is likely to be stable for a lowmass planet is roughly 0.87 / 1.0 / 1.14 / 1.24 / 1.32 AU for e f = 0 / 0.1 / 0.2 / 0.3 / 0.4. Given our calculated value of 1.32 AU for the outer edge of the HZ and our default value of e f = 0.3, only the outermost portion of the HZ is able to host an additional low-mass planet.
This simple scaling argument matches up reasonably well with the N-body simulations of Raymond et al. (2008) , who mapped the stable zone of 55 Cnc between planets f and d but assumed a low fixed (initial) value for e f . The exterior 3:2 mean motion with planet f, located at 1.02-1.04 AU, represents an additional stable niche. Raymond et al. (2008) showed that, although narrow, this resonance is remarkably stable for long time scales, for planet masses up to the mass of planet f or even larger, and even for some orbits that are so eccentric that they cross the orbit of planet f. This resonance is stable whether planet f's orbit is eccentric or circular.
Thus, we conclude that if e f is large ( 0.3) an additional Earth-like planet could exist in either the 3:2 resonance with planet f at 1.03 AU or in the outer reaches of the HZ. In that case the additional planet's orbit would likely also be eccentric, although climate models have shown that large eccentricities do not preclude habitable conditions (Williams & Pollard 2002; Dressing et al. 2010) . If, however, e f is small then an additional planet in HZ could be as close-in as about 0.9 AU and would likely be on a low-eccentricity orbit.
5. THE TRANSITING SUPER-EARTH 55 CNC E This Section contains the implications of our calculated stellar parameters for the radius and bulk density of the transiting super-Earth 55 Cnc e.
Three recent papers rely on the value of 55 Cnc's physical stellar radius that we measure to be 0.943 ± 0.010R ⊙ (see §3.1 and Table 1 ). Winn et al. (2011) and Demory et al. (2011) both independently report the photometric detection of a transit of 55 Cnc e. In addition, Kane et al. (2011) calculate combinations of expected planetary brightness variations with phase, for which knowledge of planetary radius is useful.
In our calculations of the planetary radius, we assume that 55 Cnc e has a cold night side, i.e., the planet is an opaque spot superimposed onto the stellar disk during transit. We note that, strictly speaking, any calculated planetary radius therefore actually represents a lower limit, but due to the intense radiation received by the parent star at this close proximity, it is unlikely for 55 Cnc e to retain any kind of atmosphere (Winn et al. 2011) . Using the formalism in Winn (2010) , the measured flux decrement during transit therefore corresponds to ( , corresponding to 0.757 ± 0.109ρ ⊕ 16 . We refer the reader to the planet transit discovery papers, in particular figure 3 in Winn et al. (2011) and figures 5 & 6 in Demory et al. (2011) , for comparison of these density values to other transiting super-Earths in the literature. It should be noted that, although 55 Cnc is the brightest known star with a transiting planet, the amplitude of the transit signal is among the smallest known to date, making the determination of planet radius very difficult.
6. SUMMARY AND CONCLUSION Characterization of exoplanets is taking an increasingly central role in the overall realm of planetary research. An often overlooked aspect of determining the characteristics of extrasolar planets is that reported physical quantities are actually dependent on the astrophysical parameters of the respective host star, and that Table 2 .
